We have been carrying out GPS/acoustic seafloor geodetic observations at several reference points situated along the Japan Trench, a major plate boundary of subduction. A time series of horizontal coordinates of one of the seafloor reference points, located off Fukushima, obtained from seven campaign observations for the period 2002-2008, exhibits a linear trend with a scattering root mean square of about 3 cm. A linear fit to the time series gives an intraplate crustal movement velocity of 3.1 cm per year in a westerly direction, which is significantly smaller than that at the other seafloor reference point 120 km away along the trench axis. This result implies weak interplate coupling in this region.
Introduction
The northeastern part of Japan, where the Pacific Plate is subducting beneath the continental plate at a rate of 9-10 cm/year (DeMets et al., 1994) , is a seismically active region, especially in the area off-shore Miyagi Prefecture, where large interplate earthquakes with magnitudes of about 7.5 occur repeatedly at an average interval of about 37 years (the Headquarters for Earthquake Research Promotion, 2000) . Various research projects have focused on determining the characteristics of future hazardous earthquakes as well as elucidating the active tectonics of this region. Among these, distribution of the asperities has been estimated based on regional seismic data from interplate earthquakes (e.g. Yamanaka and Kikuchi, 2004) . The backslip estimation based on crustal surface deformation data is another major approach that has been used to elucidate the distribution of asperities in this region (e.g. Suwa et al., 2006) . These studies as a whole suggest the existence of asperities and strong interplate coupling off Miyagi.
In contrast, the degree of seismic coupling off Fukushima Prefecture, bordered on the north by Miyagi Prefecture, is not conclusive. Based on the fact that the only major event known to have taken place within the last 400 years is a group of several earthquakes with magnitudes of approximately 7.5 that occurred in 1938, the recurrence interval of large earthquakes in this region is assumed to be 400 years or longer (the Headquarters for Earthquake Research Promotion, 2002) . Microseismicity in this region, however, is rather active, and in some areas, small repeating earthquakes occur, implying quasi-static slip instead of strong coupling (Uchida et al., 2006) .
The GPS/acoustic combination technique for precise seafloor geodetic observation has been successfully used to book steady progress in filling in the gaps in information on crustal deformation in the sea area. This technique has its origins in early work carried out by scientists at the Scripps Institution of Oceanography (Spiess, 1985) . Our team at the Japan Coast Guard (JCG) and the Institute of Industrial Science, the University of Tokyo, has been developing this technique using a survey vessel and making repeated campaign observations along the major trenches (Asada and Yabuki, 2001; Mochizuki et al., 2003 Mochizuki et al., , 2005 Fujita et al., 2006a) . Fujita et al. (2006a) demonstrated that the repeatability of the position determination reaches an accuracy of a couple of centimeters under good conditions and proved the capability of detecting secular crustal movement at a seafloor reference point located off Miyagi Prefecture.
In the region off Fukushima Prefecture, we installed a seafloor reference point, denoted FUKU, on the landward side of the Japan Trench in 2001 with the aim of detecting and monitoring the secular intraplate crustal movement caused by the subduction of the Pacific Plate near the plate boundary. A research group of Tohoku University also installed a number of seafloor transponders in this region, and Mizukami et al. (2007) recently reported that they have been able to detect intraplate deformation with a similar observation system as that used by our group, but with a towed buoy.
Here, we present and discuss the crustal movement that we have detected at our seafloor reference point FUKU based on our observations from 2002 to 2008. 
Seafloor Geodetic Observation and Analysis
A schematic picture of the seafloor geodetic observation system that we have developed is shown in Fig. 1 . This system consists of a seafloor unit with four or three acoustic mirror-type transponders and an on-board unit with a GPS antenna and an undersea acoustic transducer installed on the rigid observation pole (8 m in length) to which a motion sensor is also attached.
The system measures ranges from the on-board transducer to the seafloor acoustic transponders through roundtrip acoustic travel times, while simultaneously determining coordinates of the on-board transducer by transferring from those of the GPS antenna using the attitude of the observation pole measured with the motion sensor. Positions of the GPS antenna are determined using a kinematic GPS software called 'IT' (for Interferometric Translocation), which was developed for the precise determination of the trajectory of a rover over very long baselines (Colombo and Evans, 1998; Colombo et al., 2000 Colombo et al., , 2001 . The acoustic wave velocity profile in the seawater, which is necessary for transforming travel times into ranges, is obtained from CTD, XCTD and XBT measurements.
Positions of the transponders are finally calculated by a linear inversion method based on least squares formulation combining round-trip travel times and kinematic GPS positions. The positions of grouped transponders are finally averaged to be a virtual position of the reference point.
For more details on the methodology, the reader is referred to Fujita et al. (2006a) 
Location of the Seafloor Reference Point and Observation Result
The seafloor reference point FUKU is situated about 150 km landward from the axis of the Japan Trench (Fig. 2) . A set of four acoustic transponders has been installed on the seafloor, at a depth of about 1200 m. The transponders were placed to form a square whose four corners are directed to the north, south, east and west, respectively. This reference point has been working since 2001. We have carried out seven campaign observations at FUKU for the period from July 2002 to March 2008.
In principle, our method of analysis can determine the three components of the position of a seafloor station, i.e. two horizontal components and height. Nevertheless, Ishikawa and Fujita (2005) proposed that, in order to obtain a horizontal time series as accurately as possible, it is usually most effective to fix the heights of all the epochs to some reasonable value. In the case of FUKU, it can be reasonably assumed that no significant vertical movement is expected, as this region has undergone no major earthquake during the campaign period used in this study. We used a height value formerly obtained from the epoch in January 2007 for the constrained height through analyses for all the epochs. Data numbers for each campaign epoch used in this paper are listed in Table 1 . The root mean square (rms) of the round-trip travel time residuals for each campaign analysis, also shown in Table 1 , are 50-90 μs, which corresponds to 4-7 cm in the one-way range. Figure 3 shows the time series of estimated horizontal coordinates. Each solid circle represents the average of the coordinates of four acoustic transponders on the seafloor, relative to the reference campaign epoch of March 2008. Error bars demonstrate changes in the configuration of the four transponders compared to those of the reference solution (see Fujita et al. (2006a) for the details). The position reference is the Shimosato site in Wakayama Prefecture, central Japan, which is one of the ITRF stations also equipped for satellite laser ranging (SLR) observations (Altamimi et al., 2002) . It must be noted that Shimosato underwent coseismic displacement, amounting to 1.5 cm to the south and 0.9 cm to the west, due to the occurrence of earthquakes off southeastern Kii Peninsula (M = 6.9, M = 7.4) on September 2004, as revealed by the continuous GPS measurement (Japan Coast Guard, 2005) . The plot of the last five epochs in Fig. 3 represent the values after the correction with this displacement. It should also be noted that Shimosato is located on the eastern edge of the Eurasian Plate (EU), which is known to undergo the intraplate deformation at a rate of about 3 cm/year west-northwest due to pressure from subduction of the Philippine Sea Plate.
The time series shown in Fig. 3 exhibits a linear trend in time, with a repeatability of several centimeters. A linear fit to the time series gives a rate of 0.1±0.3 cm/year westward and 0.9±0.6 cm/year southward. The rms around the fitted 
Pacific Plate
Axis of the Japan Trench Fig. 4 . Crustal movement velocity vector with one-sigma estimation error ellipse at FUKU relative to the Eurasian Plate (EU) evaluated from the time series shown in Fig. 3 after correcting for the intraplate velocity at Shimosato (3.2 cm/year, 291 • ; Sengoku, 1998) . The crustal movement velocity vectors at MYGI (Fujita et al., 2006b ) and three of Japan Coast Guard's on-land GPS stations are also shown. The velocity of the Pacific Plate relative to the EU around this region calculated from the plate motion model, NUVEL-1A (DeMets et al., 1994) , is also shown (open arrow).
line are 1.6 cm in the east-west component and 3.3 cm in the north-south component. When we add the intraplate velocity of Shimosato (3.2 cm/year, 291
• ; Sengoku, 1998) to the above rate, we obtain 3.1 cm/year, with an azimuth of 275
• , relative to the stable part of the EU, which is denoted with an arrow in Fig. 4. 
Discussion
Secular seafloor movements at some other sites near FUKU have already been reported. Fujita et al. (2006b) showed that the displacement velocity vector at a reference point labeled as MYGI on the EU, 120 km northeast of FUKU, was 7.3 cm/year, with an azimuth of 300
• versus that from ten seafloor campaign observations on the EU for the period 2002-2005. This is an updated result of that reported by Fujita et al. (2006a) , based on reanalysis with improved software adding a new data set. Considering that the velocity of the Pacific Plate relative to the EU along the Japan Trench is 9-10 cm/year, according to contemporary plate motion models (e.g. NUVEL-1A; DeMets et al., 1994) , the interplate coupling at MYGI is very strong, even if we would allow for errors in the velocities of a few centimeters per year. These results are consistent with those of previous studies (e.g. Suwa et al., 2006) .
In contrast, the estimated value at FUKU, 3.1 cm/year, is significantly smaller than at that at MYGI. On the Pacific coast of the Fukushima region, the amount of velocity relative to the EU is about 3-4 cm/year; this becomes progressively smaller inland, down to approximately 2.5 cm/year (Miura et al., 2004) . Our resultant displacement velocity is at the same level of the above movement on land, and its direction is also consistent.
It should be noted that Mizukami et al. (2007) also present a displacement velocity vector at their array of transponders (labeled as GFK) on the EU, 80 km northeast from FUKU, based on their campaign observation from August 2005 to July 2006. Although the magnitude of their displacement velocity seems to exceed a possible maximum, its direction is consistent. As a result, they suggest that the interplate coupling around their site is as strong as that at MYGI. The discrepancy between the velocities at FUKU and GFK is possibly associated with spatial variation in interplate coupling, as GFK is closer to the trench axis.
Based on the estimation of back-slip by Suwa et al. (2006) using observation data of an on-land GPS network, the magnitude of back-slip in this area peaks at 10 cm/year near MYGI, and gradually diminishes around FUKU. According to a study by Uchida et al. (2006) , which investi- Uchida et al. (2006) . Location of the seafloor reference points FUKU and MYGI are added by the author (red-filled square and a gray-filled square, respectively). Uchida et al. (2006) estimated the averaged cumulative slip to be 1.5-2 cm/year within the sampling window 'L', where FUKU is located.
gated interplate creep in this area using a 21-year history of small repeating earthquakes, FUKU is located in one of the active regions of small repeating earthquakes, while MYGI is not (Fig. 5) . These researchers suggest the existence of creep by small repeating earthquakes and estimate the averaged cumulative slip around FUKU to be 1.5-2 cm/year. The significantly small amount of our displacement velocity at FUKU is roughly consistent with the lack of back-slip around FUKU caused by the creep, which indicates weak interplate coupling in the region. For a more quantitative discussion of coupling strength, we need to improve the accuracy of our velocity determination by accumulating further good data from future surveys.
